Honeybees maintain their colony throughout the cold winters, a strategy that enables them to make the most of early spring flowers. During this period, their activity is mostly limited to thermoregulation, while foraging and brood rearing are stopped. Less is known about seasonal changes to the essential task of defending the colony against intruders, which is regulated by the sting alarm pheromone. We studied the stinging responsiveness of winter bees exposed to this scent or a control (solvent). Surprisingly, winter bees, while maintaining their responsiveness in control conditions, did not increase stinging frequency in response to the alarm pheromone. This was not owing to the bees not perceiving the pheromone, as shown by calcium imaging of the antennal lobes. As the alarm pheromone is thought to act through an increase in brain serotonin levels, ultimately causing heightened defensiveness, we checked if serotonin treatments would affect the stinging behaviour of winter bees. Indeed, treated winter bees became more inclined to sting. Thus, we postulate that loss of responsiveness to the sting alarm pheromone is based on a partial or total disruption of the mechanism converting alarm pheromone perception into high serotonin levels in winter bees.
Introduction
Honeybees perform different tasks depending on their age: young bees start as nurses attending the queen and brood, while older bees become foragers and leave the hive to collect nectar, pollen and water. During the transition period, some bees also stand guard in front of the hive entrance [1, 2] . The presence of large predators elicits in these bees the release of an alarm pheromone, carried by their stinger, which alerts and recruits more defenders to organize a collective attack [3] [4] [5] . We recently demonstrated that this pheromone increases serotonin (5HT) levels in the bee brain, thereby lowering the stinging threshold of bees exposed to this scent [6] .
In temperate climates typical for European bees, life in the colony changes dramatically during winter. Outside activity is considerably reduced, but thermoregulation is maintained to keep the bees warm enough for survival. To do so, the workers form a tight winter cluster, with bees at the core actively producing heat, while the ones at the surface form an insulating shell [7] . Winter bees live much longer than their summer counterparts, and their physiology is profoundly different [8, 9] . How is the defence of the colony organized during this period? Opening the colony causes the bees at the surface of the cluster to raise their abdomen and extrude their stingers, thus causing the cluster to 'look like a porcupine' [10] . Warmer bees may also fly off to sting the intruder [10] .
Whether the alarm pheromone plays a role in this response, however, is unknown.
Here, we analysed the defensive responses of winter bees by combining optophysiological analyses of olfactory brain circuits with behavioural and pharmacological assays. We show that despite perceiving the alarm pheromone, winter bees do not respond by heightened aggressiveness. Treating winter bees with 5HT increased their stinging responsiveness, thus suggesting that the neural processing of alarm pheromone is modified at an intermediate step between olfactory perception and 5HT production.
Material and methods (a) Honeybees
For behavioural experiments, honeybees were collected from two unrelated colonies. During winter experiments (November/ December 2015), the hives were placed inside a warm container so that they could be opened regularly without freezing the bees. The hive entrance was connected to the outside via a tube, and the usual complete cessation of activity was observed throughout winter. Control experiments done in summer were performed on the same two hives, returned to their outdoor positions, in May 2016. Defensive bees were collected at the hive entrance (summer) or from the top feeder hole (winter) by waving a black feather [6, 11] .
Optophysiological recordings of winter bees were performed on bees collected once a week from their hives and held in a small cage with ad libitum food and water until imaging (February 2016).
(b) Behavioural assays
The behavioural assay for testing sting responsiveness in honeybees has been described in detail previously [6, 11] . Pairs of honeybees were confronted with a rotating dummy in a cylindrical arena, which they could choose to sting or not. The frequency at which at least one of the bees stung was recorded. Each pair of bees was exposed to either triethyl citrate (TEC, solvent, SigmaAldrich) or isoamyl acetate (IAA, 10% vol/vol, Sigma-Aldrich), the main component of the sting alarm pheromone [4] , carried through an airflow during the whole length of the trial (3 min). If a bee exhibited locomotor defects, the whole pair was excluded from further analysis. The results were analysed using x 2 tests, and the p-values adjusted with false discovery rate [12] .
Pharmacological treatments were performed as described previously [6] . One microlitre of the same solution was applied topically on the thorax of both bees, 15 -50 min before the defensive assay. This method was shown to deliver amines to the brain while sparing the abdomen [13] . Control bees received pure dimethylformamide, while treated bees received 2 or 20 mg ml 21 of 5HT hydrochloride (Sigma-Aldrich). The results were analysed using a generalized linear model (GLM) with a logit link function appropriate for binomial data, taking as main effects odour and treatment.
(c) Optophysiological imaging of neural activity
We used calcium imaging to record neural activity from the antennal lobe, the main olfactory neuropil in the bee brain [14] . Briefly, the bees were restrained and the brain was exposed. It was immersed in bee Ringer (in mM: 130 NaCl, 6 KCl, 4 MgCl 2 , 5 CaCl 2 , 160 sucrose, 25 glucose, 10 HEPES, pH 6.7, 500 mOsmol) during the dissection and subsequent recordings. For staining, the brain was incubated with 15 ml of a Ca-Green solution for at least 1 h (50 mg of Ca-Green 2-AM dissolved in 50 ml of Pluronic-127 -20% in dimethyl sulfoxide, Molecular Probes, Eugene-and then diluted in 800 ml of bee Ringer).
For recordings, a T.I.L.L. Photonics imaging system consisting of an epifluorescent microscope (Olympus BX-51WI, Olympus) equipped with a 10Â (NA 0.3) water immersion objective was used. Signals were recorded using a 1004 Â 1002 pixel 14-bit monochrome charge-coupled device camera (Andor iXON, cooled to 2708C). The microscope was equipped with a green fluorescent protein bandpass filter set composed of a 505 nm dichroic beamsplitter and a 525/550 nm emission filter. Ca-Green was excited with 475 nm light using a monochromator (T.I.L.L. Polychrom V). Each measurement consisted of 100 frames, at a rate of 5 Hz, with 4 Â 4 binning on chip. The olfactory stimulation was given for 1 s (frames 15 -20) by switching the path of a constant clean air flow towards a pipette containing the odour (10 ml of TEC, 10% IAA or 10% phenylethanol (PhE), a control floral odour).
Raw data were treated for reduction in photon noise and bleach correction using a custom-made software written in IDL (Research Systems Inc., CO, USA). Relative fluorescence changes (DF/F) were calculated as (F-F 0 )/F 0 , with a reference background F 0 just before odour stimulation (frame 10) and F at signal maximum (frames 21-23). To facilitate visualization of the pattern of activation, activity maps were further filtered with a Gaussian filter (9 Â 9) and presented in a false colour code. rsbl.royalsocietypublishing.org Biol. Lett. 14: 20180337
Results and discussion
In summertime, honeybees respond typically to the alarm pheromone component IAA by increasing the frequency at which they sting the dummy (figure 1a; x 1,80 2 ¼ 6.37, p ¼ 0.012, see also [11] ). However, bees taken from the same colonies during winter did not exhibit this characteristic response as they did not differ from control bees exposed to the solvent (figure 1a; Could olfactory perception of the alarm pheromone be impaired in winter bees, thus explaining their reduced responsiveness? We addressed this question using in vivo calcium imaging to record the response of the antennal lobe of winter bees to IAA. Stimulation with IAA produced clear signals in the antennal lobe, and so did exposure to a control floral compound (figure 2a). This was reflected in the greater overall change in fluorescence recorded for both odours compared to the solvent control (figure 2b; Wilcoxon's signed-rank test, IAA:
Thus, no major impairment of the function of the olfactory system could be detected at the level of the antennal lobe.
Recently, we demonstrated in summer bees that exposure to IAA increases brain levels of serotonin (5HT), which in turn increases stinging responsiveness [6] . Thus, we formulated two alternative hypothesis: either winter bees do not convert alarm pheromone perception into 5HT or they are not sensitive to 5HT. To test the second hypothesis, we performed topical applications of 5HT on the thorax of winter bees. Again, winter bees did not respond to IAA by stinging more frequently (figure 1b; GLM, overall effect of odour: p ¼ 0.242). There was also no interaction between the treatments and alarm pheromone exposure (figure 1b; GLM, interaction term: p ¼ 0.716, see also [6] [20] . The results reported here provide a tool to study alarm pheromone processing that may stimulate new research on this question.
Ethics. All honeybees were handled with care and cold-euthanized. Data accessibility. The raw data are available in Dryad Digital Repository: http://dx.doi.org/10.5061/dryad.t308jh7 [21] . 
